Spatially and temporally resolved in situ measurements of HCN in a steady state tube furnace have been performed using mid-infrared polarization spectroscopy (IRPS). Such measurements are important for the understanding of the detailed HCN chemistry, including pyrolysis, gas phase production, and gas phase consumption. The measurements presented here are in agreement with existing models for HCN chemistry. In particular, it was found that high temperatures and good ventilation result in relatively high peak concentrations of HCN inside the tube furnace. At the same time these conditions also result in high consumption rates of HCN in the hot fire effluents. The results indicate that, although the peak concentrations are highest for high temperatures and good ventilation conditions, the concentration at the exit of the tube are lower for these conditions than those at lower temperatures and under-ventilated conditions.
INTRODUCTION
At elevated temperatures, such as in fire situations, the smoke chemistry is important near the fire implying that the concentration of important toxic gases, e.g. HCN [1] [2] [3] , will differ between the sampling location and the measurement chamber. If the detailed chemistry of the production and destruction of specific species is to be studied, it is necessary to have a detailed understanding of the exact composition of species in space as well as in time.
HCN is a very toxic gas. It is approximately 20 times more toxic than CO [2] and its intoxication pattern is more rapid [4] . HCN is produced from the pyrolysis of organic nitrogen fuels [2] but can also be formed as an intermediate from combustion of nitrogen free fuels at sufficient temperatures [5] . Under typical fire conditions HCN can be consumed by isomerization to HNC, or by oxidation reactions with radicals, mainly O and OH [2] . Investigations using the steady state tube furnace [6, 7] using nylon 6, 6 show that for well ventilated combustion most HCN ends up as NO x [8] , with NO 2 as the most important toxicant, whereas for equivalence ratios equal to or greater than one HCN is the most important toxicant produced [9] .
Typical experiments in the steady state tube furnace give total yield information for different gases, for different fuels, and for different operating conditions once the fire effluents have left the furnace [6, 7, [10] [11] [12] . However, in order to understand the kinetics behind the total yield of a toxicant, including pyrolysis as well as both production and consumption in the gas phase, in situ measurements are necessary. Such measurements provide information about the dynamics of the toxicant concentration, e.g. HCN, as the gases from the fire plume zone mix with the downstream air inside the furnace.
In the case of gas sampling techniques such as Fourier transform infrared spectroscopy (FTIR) the measurements are conducted in a chamber that is physically separated from the sampling point, at least by the length of the probe. This means that reactive molecules can react or stick to the probe on their way to the measurement chamber, e.g. this is a well known problem with acid gases [4] . In particular, the extensive filtration required when using FTIR spectroscopy, due to the need to remove all soot from the sample prior to entry into the measurement cell, can result in sample loss or change [13] . Using laser diagnostics it is possible to study the chemistry in situ, without gas sampling. Thus, laser diagnostics and chemical modeling are often the combination of choice in combustion sciences [14] . Various laser techniques have been developed and applied to the measurement of temperature, species concentration and velocities etc. in recent years. These techniques have been important in the diagnostics of various phenomena in combustion [15] . Several techniques have shown outstanding features, e.g., nonintrusiveness in combination with high temporal (~10 ns) and spatial resolution (~50-100 μm).
In this work, IRPS (infrared polarization spectroscopy) was used to measure the concentration of HCN in a tube furnace fueled with nylon 6,6 pellets at different ventilation conditions, different temperatures and different positions along the furnace. Polarization spectroscopy (PS) is a widely used nonlinear subDoppler spectroscopic technique [16] , which was firstly reported by Wieman and Hänsch [17] . In a representative set-up of PS, a co-propagating strong pump and a weak probe beam, usually derived from the same laser, are tuned to optical transitions of the species studied and crossed at the measurement point. The pump beam induces bi-refringence by polarized optical pumping. The bi-refringence is measured with the probe beam by measuring the polarization rotation. As for most coherent techniques the PS-signal propagates as a laser-like beam. This is an advantage when discriminating the signal from background noise due to non-coherent scattering and fluorescence.
Most PS studies heretofore have been limited to the ultraviolet/visible spectral region by probing electronic transitions. Probing the molecular ro-vibrational transition with infrared (IR) excitation has always been attractive to the combustion diagnostic community. Many important combustion species which are 'dark' in the ultraviolet/visible part of the spectrum, as they post no conveniently accessible electronic transitions, are detectable in the mid-IR spectral range. Due to limited availability of proper IR laser sources, low sensitivity of the infrared detectors and the relatively low fluorescence quantum yields, only limited laserbased combustion diagnostic experiments in the mid-infrared spectral region via ro-vibrational transitions have been reported. Infrared polarization spectroscopy (IRPS) is an absorption-based, crossed-beam, coherent technique with the potential to achieve high sensitivity and high contrast against a thermal background. As such it has proved to be a proper technique to probe molecular ro-vibrational transitions in the mid-infrared spectral range. In the last five years, IRPS has been applied in combustion diagnostics to detect CH 4 [18, 19] , C 2 H 6 [19] , CO 2 [20, 21] , H 2 O [20], C 2 H 2 [22] , OH [23] , and HCl [24, 25] .
An advantage of PS compared with other non-linear techniques, e.g. DFWM (degenerate four-wave mixing) and CARS (coherent anti-stokes Raman spectroscopy), is the relatively simple experimental setup. This is represented by the automatic phase matching with crossing of only two beams [26] and the overlap of the signal beam with the probe beam which can be used to guide the signal detection by slightly opening the analyzing polarizer. This experimental simplicity is important due to the lack of beam viewer in the mid-IR.
MATERIAL AND METHODS

The Tube Furnace
The tube furnace used was a Carbolite AGD 12. A schematic view of the furnace is shown in Fig. 1 . The geometry and operation are similar to the steady state tube furnace standardized test [6, 7] . The length of the furnace was 800 mm. A quartz tube with a length of 1700 mm, was fixed in the furnace and protruded from both sides of the furnace. The inner and outer diameters of the quartz tube were 42 and 47 mm, respectively. An 800 mm long silica boat containing the fuel was delivered into the quartz tube at a speed of 40 mm/min, in the positive x-direction as defined in Fig. 1 . The inner and outer widths of the boat were 36 and 41 mm, respectively. The boat was dragged through the furnace instead of pushed, which is the conventional method of entry of the boat, in order to facilitate the accessibility of the laser optics placed in front of the tube. The constant speed of the boat ensured a continuous fuel feed to the burning point A, see Fig. 1 , whose position was normally x = 150-300 mm. In situ measurements inside the furnace were performed and therefore the mixing box prescribed in reference [6] was not used. In order to allow the introduction of both an oxidative flow of air and the laser beams into the furnace tube, a Plexiglass box was build, see Fig. 2 . The air entered the box through a conduit and the laser beam entered through a CaF 2 window. The Plexiglass box was connected to the quartz tube in the furnace via an air tight seal. 
Operating Conditions
The fuel used in the study was nylon 6,6 pellets (Northern Industrial Plastics). The nylon 6,6 pellets had dimensions of ~2-4 mm and density ~1140 kg/m 3 . The fuel was distributed homogeneously in the boat in order to keep the fuel load constant.
The gas flow through the quartz tube was 10 l/min. In some of the measurements nitrogen was mixed with the air in order to increase the equivalence ratio without creating an exceedingly slow air flow through the furnace. The gas flows were controlled by mass flow controllers (Bronkhorst), and the mixed gas was pumped into the quartz tube in the x direction, see Fig. 1 and Fig. 2 .
The operating conditions for the tests presented in this paper are provided in Table 1 . The temperature of the furnace was set using a PID-control for each set temperature, 750 ºC and 910 ºC. The actual temperature profile in the middle of the quartz tube was measured using a Type-K thermocouple. The temperature distributions in the furnace are shown in Fig. 3 . The equivalence ratios in the experiments were nominally 0.5, 1.0 or 2.0. In this study it was simply assumed that the nominal equivalence ratios were equal to the actual equivalence ratios since all nylon 6,6 was combusted. 
Infrared Polarization Spectroscopy (IRPS)
A schematic view of the optics set-up used for the experiments is shown in Fig. 4 . The pump and probe laser beams were crossed at point B (see Fig. 1 ) with an angle of 2.2º. The detection volume was approximately 15 mm × 1 mm × 1 mm = 15 mm 3 (x × y × z). The wavenumber of the IR laser pulses was approximately 3280 cm -1 with a line width of 0.025 cm -1 . The laser frequency was constantly scanned over the resonance. The IR beam was traced by a He-Ne laser beam. The IR laser beam was focused by an f = 1000 mm CaF 2 lens, and then approximately 7 % was reflected by a CaF 2 plate to be used as the probe beam. The transmitted part of laser beam served as pump beam. A quarter-wave plate was placed in the pump beam to obtain circular polarization. Two YVO 4 infrared polarizers were positioned, one before and one after the detection volume, crossed to each other in the probe beam. After passing the probe volume, the pump beam was blocked in a beam dump. Part of the probe laser beam reflected from the second polarizer was detected simultaneously in order to record the total absorption along the tube, which gave the absorption spectrum (AS). The PS and AS signals were collected with two independent liquid-N 2 -cooled InSb detectors, time-integrated and stored in a 1 GHz bandwidth digital oscilloscope. An example of the raw spectra from a measurement in the tube furnace is shown in Fig. 5 . The scanning of the laser frequency over the resonance is clearly seen both in the AS and in the PS spectrum. When the scanning reached the end of the range, it was reversed. For a short while, the laser light disappeared which can be seen as the deepest dips in the AS spectrum. Between these dips there are smaller dips which correspond to the resonance, for AS as well as for PS.
The furnace was fixed on a table which could be moved in three directions (x, y, z). This enabled measurements at almost any point in the tube. A photograph of the laboratory is shown in Fig. 2 . Fig. 4 . Schematic view of the optics set-up. IR laser is the laser beam from the laser system, BS beam splitter, P1 and P2 polarizers, D1 detector for the IRPS-signal, D2 detector for the absorption measurements, DV detection volume (inside the furnace, corresponding to point B in Fig. 1 ), M mirrors.
In order to obtain quantitative information from the PS signal, the integrated intensities of the PS signal was calibrated by HCN sample gases with known concentration. In the experiments, the commercial HCN/N 2 (206 ppm HCN by volume) bottle gas was diluted further by N 2 and used for calibrations. The measurement of calibration gases was performed at room temperature and atmospheric pressure. Thanks to the translation table, the furnace could be removed during calibrations. After calibration, the table was repositioned at its original position. This enabled calibrations without re-alignment of the system before measurements could be performed in the furnace.
A detailed description of the theory for polarization spectroscopy can be found in Ref. [26] . Only a short account is given here concerning how quantitative information can be obtained from a spectrum such as the one shown in Fig. 5 . Fig. 5 . Raw spectra for the results presented in Fig. 9 . The upper spectrum is the absorption signal and lower spectrum is the polarisation signal. The unit on the y-axis is arbitrary.
Experimentally, PS line-integrated signals under saturated conditions [26] can be expressed by the empirical equation [16] :
laser ps (1) where the parameter a accounts for the non-resonant absorption, α is a factor corresponding the signal collection efficiency; I PS is the IRPS line-integrated signal intensity; I laser is the probe laser pulse energy; g is a correction parameter accounting for the spectral overlap between the laser profile and the absorption profile of the molecular line; c is a parameter that corrects for the collision effect under different conditions (temperatures, pressures and buffer gases); ζ JJ′ is a geometry factor of the probed transition, which depends on the pumping geometry and angular momentum of both the upper and lower states; N 0 is the molecular number density of the probed species; and σ is the absorption cross section of the probed transition. Probing the same transition using the same experimental set-up in a calibration gas and in the furnace, the parameters ζ JJ′ and I laser were assumed to be the same.
Using the mole fraction f (f = N 0 /n, where n is the gas molecule number density following the ideal gas law) and a simple derivation, the mole fraction f of the investigated species in the furnace can be expressed as 
where f and T are the mole fraction of the detected species and the temperature of the gaseous system at the detection point, respectively, while the subscripts 1, 2 denote the calibration gas and in the furnace, respectively. The cross sections σ of the investigated transition at different temperatures, such as room temperature and furnace temperature, were extracted from the HITRAN database [27] and only their relative values are needed here. It should be noted that σ both in the HITRAN database and in Eq. (2) are Boltzmann averaged values according to the considered temperature. A value of (1/0.27) for α 1 /α 2 was adopted in the calibration, based on the measurements. This is a result of the fact that the PS signals were weakened due to thermal gradient effects in the furnace including beam expansion and beam steering. The value was found to be relatively constant for the operating conditions considered here. The ratios g 1 /g 2 and c 1 /c 2 were given the values of 1/1.5 and 1/5. These values are explained in detail in Ref. [28] . The parameter a accounts for the signal loss due to the absorption of smoke along the furnace tube and the magnitude of a is calculated based on the AS recorded simultaneously. In the calibration gas there was no non-resonant absorption so (1-a 1 ) = 1.
RESULTS
The operating conditions for the experiments presented in Fig. 6 to Fig. 11 are tabulated in Table 1 . It should be noted that the AS-measurements are not highly sensitive in contrast to the PS-measurements which are highly sensitive. The non-resonant absorption spectra mainly correspond to interaction of the laser light with soot particles. The resonant absorption spectra correspond to absorption by HCN.
The dependence of HCN levels on temperature is illustrated in Fig. 6 and Fig. 7 . When Fig. 6 is compared to Fig. 7 it is seen that the total integrated absorption by HCN, i.e. the resonant absorption, increases with increasing temperature. On the other hand the measured concentration of HCN at x = 600 mm, i.e., far downstream of the fire plume, decreased with increasing temperature. An explanation for this is that more HCN is produced in the pyrolysis and/or combustion process when the temperature increases but at the same time the destruction of HCN in the hot gases increases with temperature [1, 2] . Figure 8 and Fig. 9 show the dependence of HCN levels on the equivalence ratio. Comparing Fig. 8 with Fig. 9 it is observed that the amount of HCN, both totally integrated (resonant absorption) as well as that measured at x = 530 mm with PS, increases significantly when the equivalence ratio increases from 0.5 to 1. The increase in HCN with increasing equivalence ratio can be due both to an increased production in the pyrolysis and combustion zone but also to a decreased destruction in the hot gases.
The destruction of HCN in the hot gases [1, 2] is further supported by the concentration curves in Fig. 10 (x = 600 mm) and Fig. 11 (x = 700 mm) which show that the HCN concentration decreases slightly as the measurement point is moved downstream in the furnace. A general conclusion from the measurements is that the variation in time is relatively high, both for the pointwise IRPS-measurements and for the integrated resonant absorption measurements. This phenomenon is difficult to detect when measurements are conducted in the mixing box, which is traditionally the case in the tube furnace [6] .
Finally, Fig. 12 shows the variation in time-averaged HCN concentrations with position in the tube furnace for three different operating conditions. It is seen that, for a set temperature of 750 °C, the maximum HCN concentration measured is obtained for ø = 1, as compared to ø = 2. However, the decrease in concentration with distance along the furnace is also more important for ø = 1 than for the under-ventilated condition where ø = 2. It is seen that at x = 700 mm, i.e. near the furnace exit, the HCN concentration is higher for ø = 2.
Another interesting observation is that for the same equivalence ratio, ø = 2, but for a different set temperatures 750 °C and 910 °C, the highest peak HCN concentration occurs for the highest furnace temperature. At the same time the decrease in HCN concentration with distance along the furnace is most important for the highest temperature. Again the curves cross and the operating conditions with highest peak HCN concentration inside the furnace end up with a lower HCN concentration near the tunnel exit. These are all observations which support the existing models for HCN production and consumption [2] . 
CONCLUSIONS
IRPS has been successfully applied to spatially resolved in situ measurements inside the steady state tube furnace. In addition line-of-sight absorption measurements of HCN were performed. It was found that the concentration, at the measurement point, varied substantially with time.
It was found that the highest concentration of HCN in the furnace occurred close to the fire plumes. The concentrations then decreased as the smoke and air mixture was transported towards the furnace exit. The highest peak HCN concentrations were measured when the temperature in the furnace was high and ventilation good. At the same time the consumption of HCN during transport with the effluents was most effective for these conditions. This lead to the result that the actual HCN concentrations leaving the furnace were lower for these conditions despite the relatively high HCN concentrations initially. These are in qualitative agreements with existing models for HCN chemistry.
Finally the choice to study the combustion chemistry inside the tube furnace might seem somewhat exotic. However, the successful measurements of HCN inside a smoke laden, narrow and long tube furnace in a spatially and temporally resolved manner demonstrates that IRPS is a powerful tool for toxicity investigation in fire science. In addition to the investigations of fire chemistry in the steady state tube
